Abstract Since antizyme (AZ) is known to inhibit cell proliferation and to increase apoptosis, the question arises as to whether these effects occur independently of polyamines. Intestinal epithelial cells (IEC-6) were grown in control medium and medium containing 5 mM difluoromethylornithine (DFMO) to inhibit ODC, DFMO ? 5 lM spermidine (SPD), DFMO ? 5 lM spermine (SPM), or DFMO ? 10 lM putrescine (PUT) for 4 days and various parameters of growth were measured along with AZ levels. Cell counts were significantly decreased and mean doubling times were significantly increased by DFMO. Putrescine restored growth in the presence of DFMO. However, both SPD and SPM when added with DFMO caused a much greater inhibition of growth than did DFMO alone, and both of these polyamines caused a dramatic increase in AZ. The addition of SPD or SPM to media containing DFMO ? PUT significantly inhibited growth and caused a significant increase in AZ. IEC-6 cells transfected with AZ-siRNA grew more than twice as rapidly as either control cells or those incubated with DFMO, indicating that removal of AZ increases growth in cells in which polyamine synthesis is inhibited as well as in control cells. In a separate experiment, the addition of SPD increased AZ levels and inhibited growth of cells incubated with DFMO by 50 %. The addition of 10 mM asparagine (ASN) prevented the increase in AZ and restored growth to control levels. These results show that cell growth in the presence or absence of ODC activity and in the presence or absence of polyamines depends only on the levels of AZ.
Introduction
The importance of polyamines to both normal and abnormal function has been recognized for many years. Spermidine, spermine and their diamine precursor, putrescine, are essential for eukaryotic cell proliferation and the growth of normal tissues (Tabor and Tabor 1984) . Additional cellular functions including trans-membrane ion flux (Lopatin et al. 1994) , apoptosis (Ray et al. 2000) and migration (McCormack et al. 1993 ) either require polyamines or are influenced by them. Numerous studies have demonstrated the importance of polyamines to the growth of cancer cells and the effects of polyamine analogs on inhibiting abnormal cell growth (Pegg 1988) .
The intracellular levels of polyamines are tightly regulated through synthesis and degradation and uptake and release. The major factor in determining tissue polyamine levels is the activity of ornithine decarboxylase (ODC, EC 4.1.17), which catalyzes the conversion of ornithine to the diamine putrescine, the first rate-limiting step in polyamine synthesis. ODC activity itself is highly controlled, increasing dramatically from basal levels in response to tissue damage, growth factors, trophic hormones and other proliferative stimuli (Fausto 1971; Hovis et al. 1986 ). Increases in ODC activity are relatively transient, for it has one of the shortest half-lives of any mammalian enzyme (Canellakis et al. 1979; Chen and Canellakis 1977) . The activity of the enzyme is primarily regulated by a negative-feedback mechanism involving ODC antizyme (AZ) (Coffino 2001) . AZ levels increase via a frameshifting mechanism that is triggered by increasing tissue polyamine levels (Matsufuji et al. 1995) . Active ODC consists of a dimer made up of identical monomers. AZ has a higher affinity for ODC monomers than they do for each other, and through the formation of ODC-AZ heterodimers prevents the formation of the active enzyme. AZ binding also mediated the degradation of ODC and other proteins involved in cell proliferation and apoptosis via the 26S proteasome (Pegg 2006) . Cyclin D1, aurora-A and smad1 are among these proteins targeted for degradation by AZ Newman et al. (2004) ; Lim and Gopalan 2007) .
While it had been known for sometime that amino acids could stimulate ODC activity both in vivo (Fausto 1971) and in cultured cells (Kay et al. 1972 ). Chen and Canellakis (1977) determined that asparagine (ASN) and glutamine (GLN) were the most effective. Using glucose salt solution (EBSS), they showed that several amino acids related to ASN and GLN including non-metabolizable a-amino-isobutyric acid (AIB) could stimulate ODC activity in the absence of media and serum. Sometime later Rinehart and Canellakis (Rinehart et al. 1985) found that the presence of ASN, GLN or a similar amino acid was essential before growth factors or hormones were able to induce OSC activity.
Our laboratory has recently shown that ASN and GLN stimulate ODC activity by inhibiting the synthesis of AZ. Their inhibition of AZ synthesis and its subsequent decrease then permit additional stimulation of ODC activity by other proliferating agents. In the absence of amino acids, for example, AZ synthesis increases rapidly for up to 6 h, and this increase is essentially prevented by ASN (Ray et al. 2012) .
A variety of reports indicate that proliferative agents such as cyclin D1 (Newman et al. 2004) , aurora-A (Lim and Gopalan 2007) , and smad1 (Lin et al. 2002) are targeted for destruction by AZ. In addition, Dulloo et al. (2010) have reported that the antiapoptotic delta Np73 (DNp73) is degraded through the AZ-mediated pathway. Since both the removal of proliferative stimuli and an increase in the rate of apoptosis result in decreased growth, these findings suggest that AZ may regulate growth directly and independently of its inhibition of ODC and the subsequent depletion of tissue polyamines. In this study, we have measured proliferation and AZ levels, while manipulating polyamine levels by inhibiting ODC with DFMO and by the addition of exogenous polyamines. The results show that AZ inhibits proliferation directly, independently of the levels of polyamines.
Materials and methods

Cell culture
Cell culture medium and fetal bovine serum (FBS) were obtained from Mediatech (Herndon, VA). Dialyzed FBS (dFBS), Putrescine, Spermidine, Spermine and L-Asparagine and mouse monoclonal anti-actin antibody were purchased from Sigma (St. Louis, MO), and trypsin-EDTA, antibiotics, and insulin were from GIBCO-BRL (Grand Island, NY). Rabbit polyclonal anti-AZ-1 antibody was a gift from Dr. Senya Matsufuji. CellTiter-blue cell viability assay reagent was obtained from Promega (Madison, WI). Protease inhibitors, phosphatase inhibitors, phosphate buffer saline (PBS), Dulbecco's PBS (DPBS), bicinchoninic acid (BCA), and mammalian protein extraction reagent were purchased from Thermo Fisher Scientific (Rockford, IL). The enhanced chemiluminescence substrate Western Lightning TM was purchased from PerkinElmer Life and Analytical Sciences (Shelton, CT). DFMO was a gift from ILEX Oncology (San Antonio, TX). Disposable culture ware was purchased from Corning Glass. The IEC-6 cell line was obtained from the American Type Culture Collection (Manassas, VA) at passage 13. The stock was maintained in T-150 flasks in a humidified, 37°C incubator in an atmosphere of 90 % air-10 % CO 2 . The medium consisted of Dulbecco's modified Eagle's medium (DMEM; GIBCO-BRL) with 5 % heat-inactivated FBS, 10 lg/ml insulin, and 50 lg/ml gentamicin sulfate. The stock was passaged weekly and fed three times per week. Passages 15-20 were used in the experiments. All other chemicals were of the highest purity commercially available.
Experimental protocol
For most experiments, the cells were taken up with 0.05 % trypsin plus 0.53 mM EDTA in Hanks' balanced salt solution without Ca 2? and Mg 2? . They were counted and plated (day 0) at 500,000 cells/well in 6-well plate or 20,000 cells/well in 24-well plate in DMEM plus 5 % dialyzed FBS, 10 lg insulin, and 50 lg gentamicin sulfate/ ml without (control) or with DFMO (5 mM), or DFMO ? indicated concentrations of polyamines. The cells were fed each day with respective medium. On day 4, the medium was removed and the cells were subjected to cell counts or proliferation assay.
AZ-siRNA transfection
Three AZ1 SiRNA oligonucleotide sequences were designed and cloned into a plasmid vector (pcDNA6.2-GW/EmGFP-MiR) and confirmed by sequencing using appropriate primer pairs. Selected clones for the vector (MiR-LacZ-EGFP) and AZ1 (MiR-LacZ-AZ1-EGFP) were used to prepare plasmid DNA for the transfection of IEC-6 cells using EndoFree Plasmid Maxi kit from QIAGEN. Vector (MiR-LacZ-EGFP) or AZ1 (MiR-AZ1-EGFP) plasmid DNA (10 lg) was transfected as described earlier (2). The success of transfection was ascertained by monitoring GFP expression, and stable clones were selected using blasticidin. Isolated clones were characterized by determining the expression of AZ1 and ODC activity as described earlier (2) and used for the proliferation experiments.
Proliferation assay
The cells were harvested with 0.05 % trypsin plus 0.53 mM EDTA in Hanks' balanced salt solution without Ca 2? and Mg 2? . They were counted using a Beckman Coulter counter and plated 1 9 106/60 mm plates containing either DMEM plus 5 % dialyzed FBS, 10 lg/ml insulin, and 50 lg/ml gentamicin sulfate with or without DFMO (5 mM), DFMO ? put, DFMO ? spd or DFMO ? spm in a humidified, 37°C incubator in an atmosphere of 90 % air-10 % CO 2 . The cells were fed everyday with respective culture media. On each day, one group of plates was washed once with HBSS and cells were counted using Beckman Coulter counter.
Cell viability assay
The cells were harvested, counted and plated in 12-well plate containing DMEM plus 5 % dialyzed FBS, 10 lg/ ml insulin, and 50 lg/ml gentamicin sulfate. Culture media was changed to either DMEM with or without DFMO (5 mM), DFMO ? put, DFMO ? spd or DFMO ? spm along with insulin and gentamicin sulfate after 24 h. Culture media was changed everyday. On each day, one plate was washed once with HBSS and CellTiter-Blue Cell viability assay reagent was added with DMEM, 5 % dialyzed without phenol. CellTiterBlue Reagent undergoes a ''blue shift'' upon reduction of resazurin to resorufin by metabolically active cells. The pink resorufin fluorescence was read at an excitation wavelength of 560 nm and an emission wavelength of 590 nm after 3 h of incubation.
Western blot analysis
After experimental treatments, IEC-6 cells were washed twice with DPBS. The DPBS was removed, 500 ll of MPER containing protease and phosphatase inhibitors was added, and the plates were frozen overnight and scraped. The cell lysate was centrifuged at 10,000 rpm for 10 min. The supernatant was used to determine the protein concentration by the BCA method. Total cell protein (30 lg) was separated on 10 % SDS-PAGE and transferred to a PVDF membrane for Western blotting with a specific primary (AZ1, 1 lg/ml, Actin 0.1 lg/ml) antibodies and appropriate secondary antibodies labeled with horseradish peroxidase (HRP) (1:10,000 dilution). Immune complexes were detected by chemiluminescence system.
Statistics
All experiments were repeated three times (n = 3). Data were expressed as mean ± SE. Experiments involving Western blots were performed three times with similar results, and a representative blot is shown. ANOVA with appropriate post hoc testing was used to determine the significance, and the Student's t test was performed to determine the significance of the differences between means. p \ 0.05 was regarded as statistically significant.
Results
As shown in Fig. 1a , incubation of IEC-6 cells, a nontransformed line originally developed from rat crypt cells by Quaroni et al. (1979) , for 4 days in the presence of 5 lM DFMO significantly decreased the rate of growth compared to controls. The presence of 5.0 lM spermidine not only failed to prevent the effects of polyamine depletion by DFMO but also caused an additional significant inhibition of cell growth. These data are reflected in the mean cell doubling times (Fig. 1b) , which were increased from 30.6 h in DFMO alone to 160.3 h when spermidine was added to the medium containing DFMO. In Fig. 1c , it can be seen that spermidine caused a large increase in the synthesis of AZ.
An identical experiment was done substituting spermine for spermidine (Fig. 2) . DFMO again caused a significant decrease in cell number by the third and fourth days of incubation, and like spermidine, spermine inhibited growth further instead of restoring it to normal levels ( Fig. 2a) . This was also reflected in the doubling times for the different groups (Fig. 2b) , although, it was apparent that the inhibitory effect of spermine was less than that of spermidine in the preceding experiment. As seen in Fig. 2c , spermine also caused a large increase in AZ protein. Thus, the data in Figs. 1 and 2 are qualitatively similar. Both spermidine and spermine at 5.0 lM caused an additional inhibition of cell growth produced by DFMO, and both polyamines significantly increased the levels of AZ protein present in the cultured cells.
It has been shown many times that the effects of DFMO can be prevented by the addition of exogenous polyamines (Tabor and Tabor 1984; McCormack et al. 1993; Ray et al. 2000) . Figure 3 shows the results of an experiment based along the same lines as those shown in Figs. 1 and 2 except that cell proliferation was measured using a fluorescent assay and different doses of polyamines were added to the DFMO-containing medium. DFMO retarded cell proliferation by approximately 50 %, and both a low (5.0 lM) and a higher (10.0 lM) concentration of putrescine prevented some of the effects of DFMO. The low dose of putrescine nearly restored growth to control levels. In the presence of DFMO, low doses (2.5 lM) of both spermidine and spermine restored growth significantly to near normal levels. However, as in Figs. 1 and 2 , 5.0 lM spermidine and spermine given in the presence of DFMO caused a further and significant inhibition of growth. Interestingly, as before, the inhibitory effect of spermidine was more pronounced than that of spermine. Total cell counts were determined using a coulter counter. b Growth rates were determined by calculating mean doubling times. c Cells grown as described above for 4 days were used to determine antizyme-1 and actin by western blot analysis. Values are mean ± SE of triplicates. *p \ 0.05 compared with Control. While the rates of proliferation in cultures incubated with DFMO and the different concentrations of polyamines (Fig. 3a) were apparently unrelated to the amount of polyamines present in the medium, in each case they were inversely correlated with the amount of AZ protein present (Fig. 3b) . Both doses of all three amines increased AZ levels. The lower doses of all three amines partially restored growth in the presence of DFMO and only caused small increases in AZ. Even so, the increase in AZ appeared to correlate inversely with the degree of restoration, in that AZ levels for Put \ Spm \ Spd. The high dose of putrescine increased AZ significantly and had less effect than the low dose in restoring growth. Interestingly, two bands of AZ detected in control cells appear to be due to the post-translational modification of AZ protein. As in Figs. 1 and 2 , spermidine and spermine at 5.0 lM caused large increases in AZ and further inhibited proliferation in the presence of DFMO. Spermidine increased AZ more than spermine and, as before, inhibited growth more.
We next reasoned that since spermidine and spermine stimulated the synthesis of AZ, they should be able to inhibit the growth of cells incubated in the presence of both DFMO and putrescine. Figure 4a consists of phase contrast microscopic images of representative cultures from these four groups after 2 and 4 days of incubations. On day 2, there were fewer cells present in DFMO cultures treated with putrescine than in those grown in the presence of DFMO alone, but by day 4 there was no discernible difference between the two groups. However, both spermidine and spermine significantly inhibited cell growth as seen on both days 2 and 4. In the presence of DFMO, all three amines increased AZ levels, although the effect of putrescine was much less than the increases caused by spermidine and spermine (Fig. 4b) .
In the next experiment, cells transfected with either vector or AZ-siRNA were grown in control or DFMOcontaining medium for 4 days. Cells in which AZ had been knocked down with siRNA grew more than twice as rapidly as did the vector-transfected cells in both the control and DFMO cultures. This was apparent in both increased cell counts (Fig. 5a ) and reduced doubling times (Fig. 5b) . Thus, the effects of inhibiting AZ were identical in control cells and those in which ODC was inhibited.
As shown in Figs. 1, 3 and 4 , spermidine dramatically increased the synthesis of AZ and inhibited cell growth. Since ASN inhibits AZ synthesis (Ray et al. 2012) , we reasoned that the amino acid might restore the growth of cell cultures incubated with spermidine. Phase contrast micrographs in Fig. 6a show that control cultures and those incubated with DFMO were nearly confluent by 48 h. Those incubated with spermidine in addition to DFMO were only about half (50 %) confluent. The addition of ASN to DFMO plus spermidine cultures restored growth to near confluence. These results are duplicated by the cell counts shown in Fig. 6b . As can be seen in Fig. 6c , spermidine significantly increased AZ levels in the presence of DFMO, and the addition of ASN to those cultures almost totally blocked AZ synthesis. Thus, by virtue of its ability to inhibit AZ synthesis, ASN restored the growth of cells to normal levels in cultures in which ODC activity was inhibited by DFMO and which had an unchanging and significant supply of exogenous polyamines.
Discussion
The growth of a tissue in situ or a population of cultured cells depends on the balance between cell proliferation and cell death, usually related to apoptosis. In non-dividing cells, the levels of polyamines are low, but rapidly increase following the activation of ODC by a mitogenic stimulus. ODC activity usually peaks within 2-3 h of a stimulus and then decreases rapidly due to its short half-life, which usually ranges between 15-60 min (Coffino 2001) . The turnover of ODC depends on cellular polyamine levels, and the addition of exogenous polyamines increases the degradation of the enzyme. Discovered by Fong et al. (1976) , AZ rapidly appeared in cell cultures following the addition of putrescine and was named ''ornithine decarboxylase inhibitory protein'', AZ rapidly inactivates ODC and targets it for degradation. Another protein, AZ inhibitor (AZin) binds to AZ monomers inactivating them and targeting them for degradation (Fujita et al. 1982) . Overall ODC activity depends on the relative proportions of ODC monomers, AZ and AZin (Kahana 2009) .
That AZ stimulates the degradation of ODC and inhibits the cellular uptake of polyamines, suggested that it also should inhibit proliferation. Murakami et al. (1994) forced the expression of AZ in HZ7 cells transfected with AZ cDNA driven by a glucocorticoid-inducible promoter and found that ODC was inhibited and levels of putrescine and spermidine decreased along with cell growth. Decreased cell growth was similar to that seen with DFMO and was restored by the addition of putrescine. Similar results were described in transgenic mice overexpressing AZ in the basal layer of the forestomach (Fong et al. 2003) . In addition to decreased proliferation, the rate of apoptosis increased. The overexpression of AZ also inhibited the induction of tumors by N-nitrosomethylbenzylamine. This group also found that DFMO, and the resulting decrease in polyamines, had effects similar to the ability of AZ to deplete polyamine levels.
Throughout the current experiments, we have examined cell proliferation relating it to AZ levels while controlling the polyamine levels. In all the studies, DFMO was used to inhibit ODC and prevent the synthesis of polyamines. DFMO is a specific and irreversible suicide inhibitor of ODC, having no effects except those caused by ODC b Total cell counts were determined using a coulter counter on day 2. c Cells grown as described above for 2 days were used to determine antizyme-1 and actin by western blot analysis. @ p \ 0.05 compared with 48 h control and DFMO. # p \ 0.05 compared with 48 h DFMO ? SPD. Blots shown are representative of three observations inhibition and the subsequent depletion of polyamines (Russell 1985; Pegg et al. 1987) . Following the addition of DFMO, putrescine is depleted by 6 h, spermidine by 24 h, and by 4 days only approximately 40 % of spermine remains which is probably bound to negatively charged macromolecules. We have also used exogenous putrescine, spermidine and spermine to manipulate polyamine levels. In none of our experiments could the rates of cell proliferation be positively correlated with polyamine levels. In each instance, however, proliferation was inversely correlated with AZ levels. This striking correlation is readily apparent if one relates the effects of different polyamines and doses on proliferation in Fig. 3a to AZ levels from the same cultures shown in Fig. 3b . Moreover, the restoration of proliferation by putrescine in cultures inhibited by DFMO could be prevented by spermidine or spermine, which increased AZ levels substantially (Fig. 4) .
The data in Figs. 5 and 6 are of particular significance. Knocking down AZ with its siRNA stimulated growth as compared to that seen in vector-transfected control cells, which could be attributed to increased ODC activity and polyamine levels. However, growth was also more than doubled in cells incubated with DFMO and, therefore, has no ODC activity. The experiment described in Fig. 6 shows that the addition of ASN to cultures in which ODC is inhibited by DFMO fully restored proliferation that had been significantly inhibited by spermidine. It is obvious from Fig. 6c that ASN exerted its effect by blocking the synthesis of AZ. These data also suggest that some amino acids may exert their well-known effects on growth by regulating AZ levels.
Throughout our experiments, the greater decreases in cell proliferation and increase in AZ levels were caused by spermidine. We have recently shown that spermidine is the only polyamine that directly stimulates AZ synthesis (Ray et al. 2014) . In that study, blocking the conversion of putrescine to spermidine by inhibiting S-adenosylmethionine decarboxylase (SAMDC), eliminated the increase in AZ levels caused by the diamine. In addition, the stimulation of AZ synthesis by spermine required its back conversion to spermidine by spermidine/spermine acetyl transferase (SSAT).
The major conclusion from the current study is that AZ can regulate growth directly, independent of its effects on polyamine levels. Both AZ and AZin have been shown to function outside of the polyamine pathway (for review see Olsen and Zetter 2011) . The realization that AZ might control cell growth without affecting polyamine levels followed observations that AZ could degrade proteins other than ODC. These proteins were involved in growth regulation, and the major ones were discussed in the ''introduction''. Our study is the first to actually correlate cell proliferation and AZ levels, while manipulating and controlling polyamines. It is obvious from our data that the direct effects of AZ on growth are significant. How they compare to its effects as the result of changes in polyamines remains to be determined.
